Anomalous scaling behavior of the dynamical spin susceptibility of Ce .925Lao.o75Ru 2 Si2 
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Inelastic neutron scattering measurements have been performed on single crystals of the heavy 
fermion compound Ceo.92sLao.o75Ru2Si2 in broad energy [0.1, 9.5 meV] and temperature [40 mK, 
294 K] ranges in order to address the question of scaling behavior of the dynamical spin susceptibility 
at the quantum critical point of an itinerant magnetic system. For two wavevectors Q corresponding 
to uncorrelated and antiferromagnetically correlated spin fluctuations, it is found that the dynamical 
spin susceptibility \ ' (Q,E,T) is independent of temperature below a cut-off temperature Tq: the 
spin fluctuation amplitude saturates at low temperatures contrarily to its expected divergence at 
a quantum critical point. Above Tq, a Q-dependent scaling behavior of the form Tx" (Q, E,T) = 
Cc}f[E/(aQT Q )] with /3q < 1 is obtained. This scaling does not enter the general framework of 
quantum phase transition theories, since it is obtained in a high temperature range, where Kondo 
spin fluctuations depend strongly on temperature. 

PACS numbers: 71.27. +a, 75.40.Gb, 78.70.Nx, 89.75.Da 



1. INTRODUCTION 

In many heavy fermions systems (HFS) a quantum 
phase transition (QPT) separates a non-magnetic from 
a magnetic ground state at T = K. Such a transition 
is governed by the competition between Kondo screen- 
ing of localized moments and RKKY-like intersite inter- 
actions. It can be tuned by applying an external pres- 
sure, a magnetic field or by chemical substitution. In 
the vicinity of a QPT, the critical fluctuations have a 
quantum feature characterized by an effective dimension 
d* = d + z, d being the spatial dimension and z the dy- 
namical exponenlji 2 ^*. The extra dimension z is related 
to the imaginary time direction (z = 2 for antiferromag- 
netic fluctuations). When T is increased, a cross-over 
regime (also called quantum classical (QC)) sets up when 
the fluctuations lose their quantum features and become 
controlled by T. The dimension is then reduced from d* 
to d. In a simple picture this can be seen as a finite-size 
scaling 5 , where the "finite size" tt ~ l/T of the system 
in the time dimension is decreased when T is increased 6 : 
the time dimension is then progressively suppressed. If r 
is the relaxation time of quantum fluctuations, the quan- 
tum regime is the low T regime for which tt > t, where 
the dynamical properties behave as functions of lot and 
do not depend on T. The cross-over regime is then ex- 
pected for tt < t, its dynamical properties behaving as 
functions of lo/T. 

Inelastic neutron scattering (INS) is a unique tool for 
studying dynamic magnetic properties. Enhancements 
of spin fluctuations (SF) have already been reported by 
INS around the QPT of HFS (see for example^) . The 
T-dependence of those low-energy excitations is believed 
to be related to the low-temperature non Fermi liquid 
behavior observed by bulk measurements near the quan- 
tum critical point (QCP) of such systemsiS. That is why 



it is necessary for the understanding of QPT to study 
precisely how SF evolve with T and to search for scal- 
ing laws specific to the QC regime. Several INS studies 
report lo/T scaling of the dynamical spin susceptibility 
in HFS or high Tq superconductoro 11 ! 12 : 13 ! 14 : 15 . In par- 
ticular, some insight was given by the detailed study of 
Schroder et al. at the QCP of GeG\XQ- x k\x^: they ob- 
tained a collapse of the dynamical spin susceptibility on a 
single curve when plotted as T°- 75 x"(^,T) — g(uo/T). A 
general form of this law was found to work with the same 
T-exponents for each vector of the reciprocal lattice and 
down to the smallest accessible temperatures. This Q- 
dependence became the starting point of a local descrip- 
tion of quantum criticalit y 16 ! 17 . Such a description is op- 
posed to itinerant scenarii where the QPT is only driven 
by fluctuations at some critical wavevectorsii 2 * 1 ^ 1 ^. 

We have chosen here to search for a scaling behavior 
at the QCP of Cei_ ;E La. I ;Ru2Si2, a HFS that has been 
extensively studied for about 20 yeara 20 : 21 : 22 : 23 ' 24 . This 
3D Ising system has a QCP at x c ~ 7.5% that separates 
a paramagnetic ground state for x < x c from an an- 
tiferromagnetic ground state with the incommensurate 
propagation vector ki =(0.31 0) for x > x c . Although 
the occurrence of small magnetic moments has been re- 
ported for x < x c (0.02 hb at ki =(0.31 0) below 2 K 
for x = x<Z and 0.001 \ib also below 2 K for x = 02 5 .), 
a long range magnetic order with diverging correlation 
length is only obtained for x > x c . Large single crys- 
tals are available, which makes it possible to investigate 
precisely the reciprocal space via INS. In this system, 
the observed excitation spectra consist in short range 
magnetic correlations enhanced at the wavevectors ki, 
k 2 = (0.31,0.31,0), and k 3 = (0,0,0.35), while uncorre- 
lated SF are obtained away from these wavevectors and 
cover most of the Brillouin zone (see Rcf. 26 for a detailed 
survey of the SF repartition in the reciprocal space of this 
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system). Previous neutron measurements have shown the 
continuous behavior of the SF through the and 
several tests led to a rather good accordance between 
Moriya's itinerant theory and experimental dataLi2i2i*2&. 
Cei_ a; La ;E Ru2Si2 constitutes consequently an opportu- 
nity to study quantum criticality in a case for which 
the itineracy of the 4/ electrons is established. For this 
purpose, we present here new measurements at the crit- 
ical concentration x c that were made not only to benefit 
from much better statistics but also to measure a broader 
range of temperatures (between 40 mK and 294 K) and 
energies (between 0.1 and 9.5 meV). Such extended data 
are required for a precise determination of the temper- 
ature dependence of the SF. In this paper we report an 
anomalous scaling behavior of the dynamical spin sus- 
ceptibility at the QCP of Cei_ :c La 2 ;Ru2Si2: instead of 
ui/T, lu/T^ q scalings with /3q < 1 are obtained. Con- 
trary to the other cases reported in literature, the laws 
found here depend on the wavevector, and each wavevec- 
tor is characterized by a different low-temperature cut-off 
below which a nearly T-independent quantum regime is 
obtained. 



2. EXPERIMENTAL DETAILS 

The single crystals of Ceo.92sLao.o75Ru2Si2 studied 
here have been grown by the Czochralsky method. They 
crystallize in the body centered tetragonal I4/mmm 
space group with the lattice parameters a = b = 4.197 A 
and c = 9.797 A. A single crystal of 250 mm 3 was used 
for the INS measurements and a smaller one of 3 mm 3 
for the DC susceptibility measurements. INS measure- 
ments were carried out on the cold and thermal triple- 
axis spectrometers IN12 and IN22 at the ILL (Grenoble, 
France). The (001) plane was investigated. 60'-open- 
open and open-open-open set-up were used on IN12 and 
IN22, respectively. A beryllium filter on LN12 and a py- 
rolytic graphite (PG) filter on IN22 were added to elimi- 
nate higher-order contaminations. In both cases PG was 
used for the vertically focusing monochromator and for 
the horizontally focusing analyzer. The final neutron en- 
ergy was fixed to 4.65 meV on IN12 and to 14.7 meV on 
IN22 with the resulting energy resolutions of about 0.17 
meV on INI 2 and 1 meV on IN22 (FWHM of the incoher- 
ent signal). For temperatures between 2.5 and 80 K the 
high-energy points obtained on IN22 were combined with 
the ones obtained on IN12, with an appropriate scale fac- 
tor chosen for the collapse of the data in their common 
range 1.9-2.5 meV. A complementary neutron experiment 
was carried out on the inverted-geometry time-of-flight 
spectrometer IRIS at ISIS (Didcot, U.K.) using a fixed 
final neutron energy of 1.84 meV (PG analyzer) result- 
ing in 18 fj,eV resolution FWHM. The susceptibility mea- 
surements were performed both in a commercial SQUID 
DC magnetometer for temperatures between 5 and 300 
K and in a dilution refrigerator SQUID DC magnetome- 
ter for temperatures between 250 mK and 5 K, with the 



magnetic field along the [001] easy axis in both cases. 



3. TEMPERATURE DEPENDENCE OF SPIN 
FLUCTUATIONS 

The data presented here consist in energy scans ob- 
tained by INS at two wavevectors: the antiferromagnetic 
momentum transfer Qi = (0.69 1 0) = r - ki, where r 
= (1 1 0) is a reciprocal lattice vector, and the wavevec- 
tor Qo = (0.44 1 0), which is sufficiently far from kj., 
k2, and k3, so that no spatial correlations are observed. 
In FIG. 1 the excitations spectra obtained at those two 
vectors are plotted for three representative temperatures: 
their shape is characteristic of a relaxation process. At 
T = 5 K, antiferromagnetic fluctuations are enhanced 
in comparison with the ones obtained at Qo. When the 
temperature is raised the difference between the two sig- 
nals is attenuated and above the correlation temperature 
T corr ~ 80 K they are almost identical; the system has 
lost its antiferromagnetic correlations. We can also notice 
that the two signals are identical for E > 4 meV at all 
temperatures. The observed intensity is proportional to 
the scattering function S(Q, E, T) (where E = Hu>), from 
which the imaginary part of the dynamical susceptibility 
x"(Q, E,T) is deduced using: 
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FIG. 1: INS spectra obtained at T = 5, 24 and 80 K for 
the momentum transfers Qi and Qo. A constant background 
deduced from the scattering at low temperature and negative 
energy transfers has been subtracted. The scattering at E = 
corresponds to the incoherent elastic signal. The lines are fits 
to the data. (Color online) 

For the two wavevectors the dynamical susceptibility 
is well fitted by a single quasi elastic Lorentzian shape of 
the form—: 



X"(Q,E,T) 



A(Q,T) E/T(Q,T) 

r(Q, t) i + (js/r(Q, t)) 2 



(2) 
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that corresponds to the simplest approximation that can 
be made to treat the spin fluctuations. The general form 
of the dynamical susceptibility is the Fourier transform 
of a single exponential decay of relaxation rate r(Q, T). 
It can be expressed by: 
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X (Q,E,T) = X '(Q,E,T)+i X "(Q,E,T) 
= A(Q,T) 
r(Q,T)-i£- 



(3) 



In such a case, the static susceptibility is given by the 
Kramers-Kronig relation: 
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However, in a previous thermal INS experiment on 
CeRu2Si2, Adroja et al. observed a broad crystal field 
(CF) excitation at about 30 meV that dominates the ex- 
citation spectra for E > 10 meV, its width (HWHM) be- 
ing about 15 me\^ 8 . Bulk susceptibility measurements 
also indicate that the CF scheme do not change very 
much with concentration x in Cei-aLa^Rx^Si^. It is 
thus reasonable to consider that in Ceo.925Lao.o75Ru2Si2, 
as well as in CeRu2Si2, the CF excitations dominate the 
low-energy SF for E > 10 meV. Instead of (4) it is fi- 
nally better to approximate the static susceptibility of 
the low-energy SF by introducing an energy cut-off of 10 
meV such as: 
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E 



dE 
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S(Q, E, T) and its fits using (2) are plotted for the 
two wavevectors and 2.5 < T < 80 K in FIG. 2 a and 
b. /S(Qi, E,T), which corresponds to antifcrromagnetic 
SF, is shown in FIG. 2 a: it is found to decrease in in- 
tensity and to broaden when T is increased. For uncor- 
rected SF, the scattering intensity S(Qo, E, T), which is 
plotted in FIG. 2 b, is characterized by the collapse of 
the data on a single curve for positive energy transfers 
and T > 5 K. The negative energy points are strongly 
T-dependent because of the detailed balance condition 
5(Q, -E, T) = exp(-E/k B T)S{Q, E, T). Such a behav- 
ior was also reported for the polycrystallinc compounds 
UCu4Pd and CeRho.sPd2Sb, where the scattering is tem- 
perature independent for positive energy transfersi£*i£. 
For T = 2.5 and 5 K the uncorrelated signal 5(Q , E, T) 
moves to higher energies. Although better fits are ob- 
tained using an inelastic symmetrized Lorentzian instead 
of the quasielastic Lorentzian shape (2), it is difficult 
to conclude about their inelasticity, since the widths of 
these peaks are too important. For both Qi and Qo, 
a strong T-dependence of the dynamical susceptibility 
X "(Q,E,T) deduced from (1) (and its fits using (2)) 
is shown in FIG. 2 c and d. Contrary to S(Q, E,T), 
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FIG. 2: Scattering function S(Q,E,T) a) at Qi b) at Q 
and dynamical susceptibility \" (Q, E.T) c) at Qi d) at Qo 
for 2.5 < T < 80 K. The lines are fits to the data. (Color 
online) 



x"(Qj E, T) has a decreasing intensity for both wavevec- 
tors and is strongly broadened when T is raised. Finally, 
for each spectrum, the relaxation rate r(Q,T) and the 
static susceptibility x'(Q,T) are extracted using (2) and 
(5). In the next two subsections, the results of the fits of 
low-energy SF are separately analyzed for the momentum 
transfers Qi and Qq. 



3.1. Antiferromagnetic spin fluctuations 

The analysis of the antiferromagnetic SF at the mo- 
mentum transfer Qi is only made below T corr ~ 80 K. 
The variations with T of the relaxation rate r(Qi,T) 
and the static susceptibility x'(Qi,T) for antiferromag- 
netic SF are plotted in FIG. 3. As seen, there are 
clearly two different regimes: a nearly T-independent 
low-temperature and a strongly T-dependent high- 
temperature regimes. 

Below a characteristic temperature of T\ ~ 3 K, 
x"(Qi,E,T) does not depend on T. Moreover, the re- 
laxation rate is found to have the value T(Qi, T) ~ fcsTi 
in this regime: this is thus the low-temperature regime 
for which r < r T , with r = l/T(Qi,T = 0) ~ 1/Ti 
and tt ~ 1/T, as presented using a simple picture of 
scaling in the Introduction. The saturation of antiferro- 
magnetic SF corresponds thus to their quantum regime. 
Because of the limited resolution on IN12 and IN22, a 
complementary experiment was made on the time-of- 
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FIG. 3: Temperature dependence of T(Qi, T) and x'(Qr, T). 
The full and dashed lines correspond to the high-temperature 
fits of the relaxation rateF(Qi,T) = LIT ' 8 and of the static 
susceptibility x'(Qi;T) = 3550/T, respectively. (Color on- 
line) 
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FIG. 4: Scaling behavior of the low-energy antiferromag- 
netic SF obtained for 3 < T < 80 K at Qi. The dynam- 
ical susceptibility follows the scaling law Tx" (Qi, E,T) = 
Cif[E/( ai T - 8 )} with f(x) = x/(l+x 2 ). (Color online) 



flight backscattering spectrometer IRIS. Measurements 
were carried out at 100 mK and 2 K with a resolution of 
18 /ieV. x"(Q, E,T) was found to be independent of T 
for Q ~ Qi, which confirms the saturation of antiferro- 
magnetic SF at temperatures below T\ . 

At higher temperatures, T\ < T < T corr , the antiferro- 
magnetic SF become controlled by T such that T-power 
laws can be extracted for x'(Qii T) and r(Q 1; T): 

X '(Qi,T) - C\/T ai and T{Q X ,T) = a x T^ (6) 

with 

ai= 1 ± 0.05, d = 3550 ± 100 arb. unit, 

01= 0.8 ±0.05, and oi =1.1 ±0.05 SI unit. 

To be more precise, the characteristic temperature T± 
has been denned by the intercept of the two asymp- 
totic regimes obtained at low and high temperatures, 
the same intercept being given for x'(Qli^) an d 
r(Qi,T). Finally, the neutron data can be plotted 
as T X "(Qi,E,T) = dfiE/i^T - 8 )} such that all the 
points measured for T\ < T < T corr at the antiferromag- 
netic wavevector collapse on the single curve Cif(x) = 
Cix/(1 + x 2 ) with x = E/( ai T - 8 ) (see FIG. 4). In the 
discussion, we will focus on the anomalous form of this 
scaling law obtained for the antiferromagnetic low-energy 
SF. 



3.2. Uncorrelated spin fluctuations 

The temperature dependence of the relaxation rate 
r(Qo,T) and the static susceptibility x'iQoiT) of un- 



correlated SF are plotted in FIG. 5. As for the antiferro- 
magnetic SF, we can define a characteristic temperature 
To ~ 17 K at the intercept of the asymptotic low and 
high-temperature regimes. Below T , x"(Qo,E,T) does 
not depend on T, and r(Q ,T) ~ k B T . For T larger 
than To, T-power laws can be extracted; the fits made 
on x'{Qo,T) for T > 80 K and on r(Q ,T) for T > 20 
K give: 

X '(Qo, T) = C Q /T a « and T(Q , T) = a Q T^ (7) 

with 

a = 1 ± 0.1, C = 2740 ± 200 arb. unit, 

00= 0.6 ±0.2, and a =3.1 ±0.5 SI unit. 

However, higher energy scales and smaller intensities 
make the study of uncorrelated SF more difficult than 
for the antiferromagnetic case. Indeed, the correspond- 
ing quantum regime differs from the antiferromagnetic 
one in its energy scale fesT) that is 5 times larger than 
the antiferromagnetic energy scale ksTi. Then, the T- 
dependent regime must be analyzed at temperatures suf- 
ficiently higher than Tq. For those temperatures, the 
ground state SF and the CF excitations are no more 
completely separate entities in the magnetic excitation 
spectrum. This affects the determination of cvo and 0q 
and makes their uncertainties larger than in the antifer- 
romagnetic case. Part of the uncertainty is removed by 
introducing a cut-off when determining the susceptibil- 
ity with (5). This procedure is justified a posteriori by 
the recovery of a Curie- like behavior of x'(Qo, T) at high 
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is thus adequate to adjust x'CQjT 1 ) to Xbuik{T) at high 
temperatures, as shown in FIG. 6. 

As for x'(Qi,T) and x'lQo,? 1 ), we can define for 
Xbuik{T) a characteristic temperature T* ~ 16 K at 
the intercept of the two asymptotic low and high- 
temperature regimes. For T < T corr , the fluctuations 
are spatially-correlated, and the hierarchy x'(Qo,0) < 
Xbuik{0) <C x'(Qi:0) is obtained in the low tempera- 
ture quantum regime. This means that low energy SF 
are slightly more important at Q = than at Qo, both 
being much smaller than the antiferromagnetic SF. The 
slight enhancement of the SF at Q = is most likely due 
to weak ferromagnetic correlations and is linked to the 
metamagnetic transition of the system Cei_ 2 ,La 2 ,Ru2Si2: 
the application of a magnetic field induces an increase of 
ferromagnetic SF that are maximal at the metamagnetic 



FIG. 5: Temperature dependence of T(Q ,T) and x'(Qo,T). 
The full and dashed lines correspond to the high tempera- 
ture fits of the relaxation rate r(Qo,T) = 3. IT 0,6 and of the 
static susceptibility x'(Qo,T) — 2740/T, respectively. (Color 
online) 



temperature in good agreement with the bulk suscepti- 
bility (see section 4.1). Since the susceptibility x'(Qo 7 T) 
estimated from (5) is notably different from the one es- 
timated with A(Qo, T)/r(Qo, T), a scaling plot for the 
uncorrelated fluctuations at Qo, as done in FIG. 4 for 
Qi, is not meaningful using the raw neutron data. How- 
ever, the analysis of each individual spectrum that leads 
to (7) implies that Tx"{Qo,E,T) = C f[E / '(a o T 00 )]. 



4. DISCUSSION 
4.1. Comparison with bulk susceptibility 

The bulk susceptibility Xbuik, measured along the c 
axis, is compared in FIG. 6 with the microscopic static 
susceptibilities x'(Qi,T) and x'(Qo,T). For T > 100 
K, Xbuik{T) follows a Curie- Weiss law with a Curie 
temperature ~ 20 K, i.e. Xbuik{T) = C/(T - 9). 
For T > 100 K, the static susceptibilities x'(Q, T ) de- 
duced from INS have also been fitted by Curie-like laws 
that are undistinguishable from Curie- Weiss laws, within 
the uncertainty in x'(Q>T). From the CF scheme of 



Cei_ a; La a ;Ru2Si2 



29.30 



it is known that the Van Vleck 



term is negligible in the bulk c-axis susceptibility 31 . 
Since the high-energy CF excitation is not taken into ac- 
count in the integrated susceptibilities from INS, both 
macroscopic and microscopic susceptibilities Xbuik{T) 
and x'(Q, T) correspond only to low-energy SF. The bulk 
susceptibility being a measure at the wavevector Q = 0, 
we have X buik{T) = x'(Q = 0,T) when x'(Q,T) is ob- 
tained using (5). For T > T corri there are no more mag- 
netic correlations and x'(Q: T) does not depend on Q. It 
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FIG. 6: Temperature dependence of x'(Qii^) an d x'(Qo,T) 
in comparison with Xbuik(T). (Color online) 

At low temperatures, we can also express x'{Qi>T) 
and x'(Qo) T) in CGS units, which gives: 

7\.x'(Qi,0) = 1.00 ±0.1 K.cmu.mor 1 , 
To.x'(Qo,0) = 0.97 ±0.1 K.cmu.mor 1 , 
and T*. X buik(0) = 1-09 ±0.1 K.emu.mor 1 . 

If Tq is the characteristic temperature of the SF at the 
wavevector Q, we have thus Tq.x'(Q,0) independent 
of Q, within the error bars. Since T(Qi,0) ~ fceTi 
and r(Q ,0) ~ fcsT , we can assume T(Q = 0,0) ~ 
k B T*, so that the product T(Q, 0).x'(Q, 0) is indepen- 
dent of Q. Hence, the low-temperature magnetic prop- 
erties are in good agreement with a Fermi liquid descrip- 
tion of a correlated system governed by an antiferro- 
magnetic instability, for which r(Q, T).x'(Q, T) is ex- 
pected to be constanliiSiSSiS. This Fermi liquid picture 
is broken when, at high temperatures, r(Q, T).x'(Q, T) 
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drops because of the different T-behaviors of T(Q, T) and 

W(Q,T). 

4.2. Theoretical scenarii 

Contrary to the simple picture of scaling presented 
in the Introduction^ and also to the different cases of 
scaling reported in the literatureiiiiSiiii^ii^, we obtain 
lu/TPg instead of uj/T scalings of the dynamical spin 
susceptibility of low-energy SF. We have showed that 
the low-energy SF of Ceo.925Lao.o7sRu2Si2 obey scaling 
laws that depend on the wavevector Q, each one being 
characterized by a different low-temperature cut-off Tq, 
below which a T-independent Fermi liquid-like quantum 
regime is obtained. While a local description of quan- 
tum criticality was proposed to explain the behavior of 
CeCug-ajAua—iiiSiii, the itinerant character of our sys- 
tem is a key element to understand its behavio»Zi2ii2&2i ; 
and a scenario for which the QPT is driven by itinerant 
magnetism should be preferred. However, our system 
does not enter the framework of existing itinerant theo- 
ries for QPTiSiiSiiS: two main discrepancies are obtained 
between theoretical and experimental features. 

A first disagreement comes from the saturation below 
a finite temperature T\ ~ 3 K of x"(Qi,E,T); we do 
not observe any divergence of the dynamical spin sus- 
ceptibility at the QPT of Cei_ :r La a ;Ru2Si2 and a low- 
temperature cut-off has to be taken into account. The 
saturation of antiferromagnetic SF at the QPT of this 
system was already reported for both cases of tuning by 
concentration or pressur e) 23 ! 24 . The origin of this cut-off 
is not yet well understood. It could be linked to the ap- 
pearance of a tiny magnetic moment below T m — 2 K 
~ Tj£. The saturation of the dynamical spin susceptibil- 
ity is in marked contrast with its expected divergence at 
a quantum critical point. 

The second discrepancy comes from that, in the QC 
regime, itinerant SF theoriesi*2ii2iiS predict for 3D anti- 
ferromagnetic SF a uj/T 13 scaling law with /3 = 3/2 in- 
stead of our experimental (3\ = 0.8; more generally, a 
value of P smaller than 1 cannot be obtained in the the- 
ories of QPT^i In SF theories 1 ^, a mean-field picture 
is used to build a Q-dependent dynamical susceptibility 
x(Q,E,T) from a bare susceptibility xo{E,T) : 

l/ X (Q,E,T) = l/ X o(E,T)-J(Q,T) (8) 

where J(Q,T) is the exchange interaction. In 
Ceo.925Lao.o75Ru2Si2, the correlated signal corresponds 
only to a small part of the Brillouin zone 26 . This fact 
together with the saturation of the corresponding signal 
imply that the correlated response has a small spectral 
weight (of about 10 %) when integrating the dynami- 
cal spin susceptibility over the Brillouin zone. The bare 
susceptibility can thus be approximated by the suscep- 
tibility measured at Qo. The principle mechanism of 
relaxation of 4/ electrons contributing to the bare sus- 
ceptibility is the Kondo effect. The Kondo temperature, 



Tk, is then usually estimated by the low temperature 
neutron linewidth. This will lead here to Tk — Tq ~ 17 
K. This estimation of Tk is in very good agreement with 
the values deduced from thermodynamic and thermoelec- 
tric power measurements 2 ^^ and the approximation of 
considering the susceptibility at Qo for the bare suscepti- 
bility is thus reasonable. In SF theories, the bare suscep- 
tibility is supposed to be weakly temperature dependent. 
This corresponds to a low temperature regime below the 
Kondo temperature where the 4/ moments on cerium 
sites are screened by conduction electrons and where the 
renormalized Fermi surface is fully formed. On the con- 
trary, we experimentally found a scaling in a temper- 
ature range where the bare susceptibility has a strong 
temperature dependence. This is certainly the main rea- 
son why unexpected exponents are found. Since antifer- 
romagnetic SF saturate below T\ ~ 3 K, a search for 
the j3 = 3/2 scaling predicted by SF theories can conse- 
quently only be done in the range T± < T < Tq, which 
is experimentally very difficult to verify because of the 
closeness of T\ and To- The antiferromagnetic SF being 
built from the bare one, these two quantities are not in- 
dependent. A theory including the temperature variation 
of the bare Kondo susceptibility is thus needed to explain 
the anomalous scaling law we obtain for the susceptibil- 
ity at the antiferromagnetic wavevector Qi for T > T\. 
An impurity Kondo model seems to be a good starting 
point to describe the bare susceptibility measured at Q , 
since it leads, for T sufficiently higher than Tk{= Tq), 
to the Curie- Weiss static susceptibility and to the T 1 / 2 - 
like behavior of the relaxation rate 3 ^ ^*^ 4 ^. Indeed, 
we experimentally obtained at high temperature for the 
wavevector Qo a Curie susceptibility and a value of (3q 
quite close to 0.5. 



4.3. Comparison with other compounds. 

In the present study, we have determined the energy 
and temperature dependence of the SF at the QCP of 
Cei_ a La x Ru2Si2- The use of single crystals on triple-axis 
spectrometers allowed us to obtain information on the SF 
at two wavevectors Q, where different scaling behaviors 
have been obtained. In earlier works on the scaling prop- 
erties of the dynamical spin susceptibility near the QPT 
of other HFS, such as UCus-^Pda,, Ce(Rui_a;Fe x )2Ge2, 
and CeRhi-^PdzSb 12 ! 13 ! 14 , the use of polycrystalline 
samples on time-of-flight spectrometers made it more dif- 
ficult to establish with precision any Q-dependence of the 
SF. 

In the case of the QCP of the HFS CeCu^^A^ (ob- 
tained for x c = 0.1), Schroder et al. benefited from 
the use of a single crystal and from the combination of 
triple-axis and time-of-flight techniques 1 ^^. The first 
study, using a triple-axis spectrometer, established a scal- 
ing law of the form T 0J5 x" (uj,T) = g(uj/T) at an an- 
tiferromagnetic wavevector—. However, the extension 
of this law to other parts of the reciprocal lattice was 
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TABLE I: Comparison of characteristic physical quantities of 
CeCu 6 and CeRu 2 Si, 21 i 2 'V 4 ' 45 ' 4fi ' 4 Ti 48 





CeCu 6 


CeRu 2 Si 2 


l a 


1.5 JK" 2 mor 1 


360 mJK^mor 1 


rp* a 

1-y 


0.2 K 


3 K 


± P 


0.1 K 


0.3 K 


T 


5 K 


23 K 


Ti 


2 K 


10 K 


T corr 


4 K 


40 K 


P c 

1 c 


-4 kbar 


-3 kbar 



a C(T)/T = 7 for T < T* 
b p(T) = p(0) + AT 2 for T < T* 

Corresponding pressures of the QCP of CeCu6— iAuj and 
Cei_ a; La a ;Ru2Si2 



done using a time-of-flight spectrometer—, which lim- 
its the information that can be obtained concerning the 
Q-dependence. Nevertheless, they found a single gen- 
eral form of scaling for every Q of the reciprocal lattice. 
They also found their scaling law to work down to T = 
K, as theoretically expected for critical SF at a QCP. 
In TABLE I are reported the main physical quantities 
that characterize the paramagnetic heavy fermion com- 
pounds CeCug and CeRu2Si2 at low temperatures. For 
those two compounds, a Fermi liquid regime is obtained 
at low temperatures and characterizes their strong cou- 
pling renormalized state: the linear coefficient 7 of the 
specific heat is found to be constant and highly renor- 
malized for temperatures T < T*—, and the resistivity 
behaves as p(0)+AT 2 for T < T* 21A5 . The temperatures 
Ti, T , and T corr have been obtained by IN S 46 i 47 , as in 
the present study. As seen in TABLE I, the characteris- 
tic temperatures of CeCu6 are about 5-10 times smaller 
than the corresponding ones of CeRu2Si2- Moreover, 
the QCP of CeCue-zAuz and Cei_ a; La a ;Ru2Si2 are sepa- 
rated from their parent compounds CeCu6 and CeRu 2 Si2 
by the respective equivalent pressures of -4 kbar and -3 
i c j ;)ari 23 i 24 J 48^ Because of these similar pressures, we be- 
lieve that for CeCus.gAuo.i, the characteristic tempera- 
tures are finally also about 5-10 times smaller than those 
of Ceo.925Lao.o75R-U2Si2. As well as the cut-off tempera- 
ture Ti ~ 3 K is found to characterize the critical SF at 
the QCP of Cei_ a; La a; Ru2Si2, the QCP of CeCu^A^ 
could thus have a cut-off temperature for its critical SF of 
order 0.3-0.6 K. Because of smaller characteristic temper- 
atures and energies, in CeCus.gAuo.i the quantum regime 
of the critical SF is thus much more difficult to distin- 
guish from the classical scaling regime, and no saturation 
of SF at low temperatures has been yet established by 
INS. 



Finally, our results are quite similar to those of a re- 
cent work made by Bao et alA They measured by INS 
the antiferromagnetic fluctuations of a single crystal of 
La2Cuo.94Li.06O4, using a triple-axis spectrometer. Con- 
trary to the former systems, this system is not a HFS 
and is located in the Fermi liquid ground state region in 
the vicinity of a QCP. However, as in the present work, 
Bao et al. obtained a low-temperature quantum regime 
for which the dynamical susceptibility is found not to 
depend on T, and a high-temperature regime for which 
a scaling behavior is obtained, the relaxation rate T(T) 
being in this case proportional to T and the static suscep- 
tibility x(T), deduced from INS, following a Curie law. 



5. CONCLUSION 

A detailed study of the T-dependence of SF in 
Ceo.925Lao.o75R-U2Si2 has been carried out in this work. 
For each of the two wavevectors Qi and Qo, which corre- 
spond to antiferromagnetically correlated and to uncor- 
rected SF, respectively, a cut-off temperature Tq de- 
limits a low-temperature T-independent Fermi liquid- 
like quantum regime from a high-temperature scaling 
regime governed by T. The cut-off temperatures T\ ~ 3 
K and To ~ 17 K are obtained at Qi and Qo, re- 
spectively. Several discrepancies with itinerant theo- 
ries of QCP have been established: i) at low tempera- 
tures, while antiferromagnetic SF are enhanced in com- 
parison with the uncorrelated ones, they saturate be- 
low Ti and thus do not diverge when T tends to zero, 
ii) For each wavevector, high-temperature T-power laws 
can be extracted for the static susceptibility and the 
relaxation rate, so that the dynamical spin susceptibil- 
ity is found to follow an anomalous scaling of the form 
T X "(Q,E,T) = C Q f[E/(a Q Tfa)} above Tq. Anoma- 
lous exponents /3q < 1 are observed, which is incompat- 
ible with QPT theories. This is probably because these 
scaling laws are obtained in a T-range where Kondo SF 
are temperature dependent. Even at the QCP of an itin- 
erant heavy fermion system, a Kondo impurity scaling 
should thus be taken into account as a starting point to 
understand the antiferromagnetic scaling. 
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